Although genetic analysis has demonstrated that members of the winged helix, or forkhead, family of transcription factors play pivotal roles in the regulation of cellular differentiation and proliferation, both during development and in the adult, little is known of the mechanisms underlying their regulation. Here we show that the activation of phosphatidylinositol 3 (PI3) kinase by extracellular growth factors induces phosphorylation, nuclear export, and transcriptional inactivation of FKHR1, a member of the FKHR subclass of the forkhead family of transcription factors. Protein kinase B (PKB)͞Akt, a key mediator of PI3 kinase signal transduction, phosphorylated recombinant FKHR1 in vitro at threonine-24 and serine-253. Mutants FKHR1(T24A), FKHR1(S253A), and FKHR1(T24A͞S253A) were resistant to both PKB͞Akt-mediated phosphorylation and PI3 kinasestimulated nuclear export. These results indicate that phosphorylation by PKB͞Akt negatively regulates FKHR1 by promoting export from the nucleus.
Members of the winged helix, or forkhead, family of transcription factors are characterized by the presence of a conserved 100-aa DNA binding, or forkhead, domain (1) . In addition to their roles during normal development, recent studies have demonstrated that members of the winged helix family may participate in neoplasia (2, 3) . The consistent involvement of members of the FKHR subclass of the winged helix family in chromosomal translocations found in human cancer suggests that members of this subclass may play a critical role in the regulation of cellular proliferation and͞or differentiation (4) (5) (6) (7) . Thus, an understanding of the mechanisms underlying their regulation may provide insight into the role of not only the FKHR subclass, but also the larger winged helix family in normal and neoplastic development. Here we sought, by biochemical and genetic analyses, to determine whether the activity of FKHR1, a member of the FKHR subclass of forkhead-related proteins, is subject to regulation (W.H.B., W.K.C., and K.C.A., unpublished observation).
MATERIALS AND METHODS
Materials. The pSG5-P110wt, pSG5-P110CAAX, pSG5-P85wt, and pSG5-P85⌬N-SH2 expression vectors were obtained from Julian Downward (Imperial Cancer Research Fund, London). pCMV5-HA-Akt, pCMV6-myrAkt-HA, pCMV5-HA-Akt(K179M), and pCMV5-HA-Akt(T308A͞ S473A) were obtained from Philip Tsichlis (Thomas Jefferson Medical College, Philadelphia). Leptomycin B was a kind gift from Barbara Wolff-Winiski (Novartis Forschungsinstitut, Vienna).
FKHR1 Constructs. Hemagglutinin (HA) epitope-tagged mouse FKHR1 (FKHR1-HA) was generated by using PCR as described (9) . Briefly, the HA epitope CYPYDVPDYASC was inserted at the carboxyl terminus of FKHR1 immediately before the translational termination codon. The HA oligonucleotide included a BamHI site after the translation stop to facilitate insertion of FKHR1-HA into the mammalian expression vector pcDNA3.1 (CLONTECH). FKHR1(T24A)-HA, FKHR1(S253A)-HA, and FKHR1(T24A͞S253A)-HA also were generated by using PCR. All altered forms of FKHR1 were sequenced to confirm that no other changes had occurred during the modification process.
A series of carboxyl-terminal deletions of FKHR1 were generated by PCR. The PCR products were ligated in-frame to the gene encoding green f luorescent protein (GFP) in pEGFP-N1 (CLONTECH). Mutation of leucine-375 to alanine also was carried out by PCR. All constructs were sequenced to ensure that no spurious mutations had occurred and that the fusion between FKHR1 and GFP was correct. CV1 cells were transiently transfected with each construct, and the fusion protein was visualized by using epifluorescence.
Cell Culture. The CV1 cell line was maintained by passage in high-glucose DMEM supplemented with 10% FCS, 100 mg͞ml penicillin, and 100 mg͞ml streptomycin. For immunofluorescence, 7.5 ϫ 10 4 cells per well were seeded onto sterile coverslips in 6-well dishes. Transfections were carried out by using a modified calcium phosphate protocol as described (9) . Cotransfections of pCNDA3.1-P110CAAX (or P85⌬N-SH2) and FKHR1 constructs were carried out at a ratio of 3:1 (P110 or P85͞FKHR1). Pretreatments where indicated were as follows: 20 nM leptomycin B for 6 hr, 50 M LY290042 (Calbiochem) for 60 min, and 10 nM wortmannin (Calbiochem) for 60 min before fixation. The media, alone or with drugs as indicated, were changed 1-2 hr before fixation. For serum starvation, CV1 cells transfected with pcDNA3.1-FKHR1-HA were allowed 24 hr of recovery in DMEM ϩ 10% FCS, then washed extensively with DMEM without added serum and subsequently maintained in serum-free conditions for an additional 24 hr before fixation and staining. For kinetic analysis of relocalization, CV1 cells transiently transfected with FKHR1-HA were treated as described for serum starvation. After 24 hr of serum starvation, the cells' serum-free media were exchanged for media containing 50 nM insulin-like growth factor I (GIBCO͞BRL). Cells were washed and fixed at the times indicated.
Immunohistochemistry. Immunofluorescent detection of FKHR1-HA was carried out as described (10) . Anti-HA mAb (16B12, Berkeley Antibody, Richmond, CA) was used at 1:1,000. Lissamine rhodamine-conjugated donkey anti-mouse secondary antibody was used at 1:200. The average (Ϯ SE) number of cells in which FKHR1-HA, FKHR1(T24A)-HA, FKHR1(S253A)-HA, or FKHR1(T24A͞S253A)-HA) was localized to the nucleus or cytoplasm or was uniformly distributed was determined by counting Ն500 FKHR1-HAexpressing cells in each of three independent experiments. FKHR1 Luciferase Reporter Assays. CV1 cells were transfected with the reporter 8xFK1tkLuc (8XFK1tkLuc contains a direct repeat of eight FKHR1 binding sites upstream of the herpes simplex virus thymidine kinase minimal promoter and the gene encoding firefly luciferase), pCMV-␤-galactosidase (␤-gal), and a number of additional constructs as indicated in the individual figures. In all experiments the ratio of 8xFK1tkLuc to wild-type or mutant forms of FKHR1-HA was held constant at 1:2. A constant amount of DNA (8 g) was used in each transfection by the addition of pcDNA3.1 when necessary. Luciferase and ␤-gal activities were determined as described (9) . ␤-Gal values were used to normalize luciferase values for transfection efficiency. Luciferase values are reported relative to the activity of the 8xFK1tkLuc reporter alone. Each reported value represents the average of duplicate plates from at least two independent experiments.
Cell Labeling. CV1 cells transiently transfected with either FKHR1-H A, FKHR1(S253A)-H A, or FKHR1(T24A͞ S253A)-HA were extensively washed 48 hr posttransfection with phosphate-free DMEM supplemented with 10% dialyzed FCS (1,000 MW cutoff, Sigma). Cells were labeled for 3 hr at 37°C in phosphate-free DMEM supplemented with 10% dialyzed FCS containing 1.5 mCi͞ml 32 PO 4 . Labeled cell lysates were prepared, and FKHR1-HA, FKHR1(S253A)-HA, and FKHR1(T24A͞S253A) were immunoprecipitated as described (11) with the exception that lysis was carried out in RIPA buffer (0.15 mM NaCl͞0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS) supplemented with protease and phosphatase inhibitors and with 2 mM EDTA added to inhibit phosphorylation during the lysis. Phosphoamino acid analysis and tryptic-phosphopeptide mapping was carried out by using chloromethyl ketone-trypsin (Worthington) as described (12) . The first (electrophoretic) dimension was performed at 1 kV for 25-35 min at pH 1.9. The second dimension was generated by ascending chromatography in phosphochromo buffer until the solvent front was Յ2.5 cm from the top of the chromatography plate.
Akt in Vitro Kinase Assays. Plates (6 cm or 10 cm) containing CV1 cells transiently transfected with either pcDNA3.1 (mock), pCMV-myrAkt-HA, pCMV-HA-Akt(K67A), or pCMV-HA-Akt(T308A͞S473A) plasmids were rinsed with ice-cold PBS. Cells were lysed and immunoprecipitates were prepared as described (11) . In vitro kinase reactions were performed for 40 min at 30°C with constant shaking in 30-l reaction volumes containing 500 ng histone 2B (H2B), glutathione S-transferase (GST), or GST-FKHR1 as substrates, and 10 Ci [␣-32 P]ATP as described (13) . The kinase reactions were stopped by the addition of SDS͞PAGE loading buffer and boiling for 5 min. The kinase reactions were resolved by 15% SDS͞PAGE (H2B and GST) or 7.5% SDS͞PAGE (GST-FKHR1). The SDS͞PAGE gels were washed 5 min in dH 2 O, dried, and subjected to autoradiographic exposure.
RESULTS AND DISCUSSION
Asynchronously growing CV1 cells transfected with a HA epitope-tagged version of mouse FKHR1 (FKHR1-HA) displayed three distinct populations with respect to localization. In 20% of the expressing cells FKHR1-HA was localized to the nucleus, 30% of the cells exhibited a uniform staining throughout, and Ϸ50% of the cells exhibited a pattern of localization in which FKHR1-HA was excluded from the nucleus ( Fig. 1 A  and H) .
The observation of three distinct patterns (nuclear, cytoplasmic, and both) of localization of FKHR1 suggested the possibility that its intracellular localization might be regulated by extracellular growth signals or cell cycle progression. This hypothesis was tested by determining the localization of FKHR1-HA in serum-starved cells. CV1 cells transiently transfected with FKHR1-HA subsequently were maintained in serum-free medium for 24 hr before fixation. Under conditions of serum starvation FKHR1-HA was restricted to the nucleus in greater than 90% of the cells ( Fig. 1 B and I) . Moreover, treatment of serum-starved cells expressing FKHR1-HA with either 50 nM insulin-like growth factor I (Fig. 1O ) or 10% serum (data not shown) for periods of time as short as 15-30 min was sufficient to cause export of FKHR1-HA from the nucleus in 70% of cells.
The growth factor stimulation of FKHR1-HA nuclear export could reflect either a passive process, such as inhibition of DNA binding leading to a size-based exclusion from the nucleus, or an active process. To distinguish between these possibilities, CV1 cells transiently transfected with constructs expressing FKHR1-HA were treated with leptomycin B (LMB), which quantitatively blocks Crm1-mediated nuclear export through high affinity binding to Crm1 (14) (15) (16) . This binding prevents the interaction of Crm1 with leucine-rich nuclear-export sequence (NES)-containing target proteins, thereby preventing their export (11) . Asynchronously growing CV1 cells treated with 20 nM LMB showed a retention of FKHR1-HA in the nucleus ( Fig. 1 C and J) , indicating that the serum-stimulated export of FKHR1-HA from the nucleus is an active process likely involving Crm1.
Epistasis studies have revealed that DAF-16, a Caenorhabditis elegans forkhead family member closely related to FKHR1, is negatively regulated by a PI3 kinase-activated signal transduction pathway (17) (18) (19) . To assess the role of the PI3 kinase pathway in the regulation of FKHR1 nuclear exclusion and transcriptional activity, we inhibited PI3 kinase activation by using the specific chemical inhibitors wortmannin and LY294002 (20) . Treatment of FKHR1-HA-expressing CV1 cells with 10 nM wortmannin ( Fig. 1 D and K) or 50 M LY294002 (data not shown) effectively blocked export of FKHR1-HA from the nucleus. Additionally, cotransfection of FKHR1-HA with a deletion mutant of the P85 subunit of PI3 kinase (P85⌬N-SH2), previously shown to inhibit activation of PI3 kinase in a dominant negative fashion (21) , also effectively blocked the nuclear export of FKHR1-HA ( Fig. 1 E and L) . In comparison, cotransfection of FKHR1-HA with either constitutively active forms of the P110 subunit of PI3 kinase (P110CAAX) (22) or Akt͞PKB (myrAkt-HA) (11) resulted in the exclusion of FKHR1-HA from the nucleus of virtually all cells (Fig. 1 F, G, L, and M ). These data demonstrate that the nuclear export of FKHR1 in response to serum, or insulin-like growth factor I, requires activation of the PI3 kinase signal transduction pathway. To address the functional significance of PI3 kinase-mediated exclusion of FKHR1 from the nucleus, the transcriptional activity of FKHR1, under conditions promoting nuclear exclusion (e.g., coexpression of myrAkt-HA) or import (e.g., treatment with wortmannin), was determined.
Coexpression of P85⌬N-SH2 and FKHR1-HA in asynchronous CV1 cells resulted in a 2-fold increase in FKHR1-dependent transcriptional reporter activity in comparison to cells expressing FKHR1-HA alone (Fig. 1P) . Similar levels of activation were observed in FKHR1-HA-expressing CV1 cells upon treatment with 10 nM wortmannin (Fig. 1P ). In contrast with the FKHR1-HA-dependent transcriptional activation observed with P85⌬N-SH2 coexpression and wortmannin treatment, coexpression of myrAkt-HA completely inhibited the transcriptional activity of FKHR1-HA (Fig. 1P) . These data suggest that by promoting the exclusion of FKHR1 from the nucleus the PI3 kinase signal transduction pathway effectively inhibits FKHR1-mediated transcription. Moreover, these results provide insight into the mechanism underlying the observation from C. elegans, that PI3 kinase (AGE1) (1999) and PKB͞Akt (Akt1 and Akt2) signaling abrogates DAF16 activity.
To identify those region(s) that were required for FKHR1 nuclear import͞export, a series of carboxyl-terminal deletions were fused in-frame to the gene encoding GFP and transiently expressed in CV1 cells. Localization of these fusion proteins demonstrated that amino acids 147-251 and 347-380 of FKHR1 were required for nuclear import and export, respectively (Fig. 2) . The demonstration that the winged helix domain of FKHR1 (amino acids 147-251) is required for nuclear import shows that, in a manner similar to the winged helix family member HNF3␤ (23), the DNA binding domain of FKHR1 contributes both DNA binding and nuclear localization functions. The presence of a leucine-rich sequence (M   368   ENLLDNLNL   377 ), which conforms to the consensus leucine-rich NES (LXXXLXXLXL and LXXLXXXLXL) (24) in the region (amino acids 347-380) required for exclusion from the nucleus, suggested that this sequence might be required for nuclear export of FKHR1. Mutation of leucine-375 to alanine (M 368 ENLLDNANL 377 ) blocked export of the FKHR1-GFP fusion (Fig. 2) protein, suggesting that the sequence M 368 ENLLDNLNL 377 is required for export of FKHR1 from the nucleus. Similar mutations within the leucine-rich NESs present in human T-lymphotrophic virus type I Rex (25) and the c-Abl kinase (24) have been shown to prevent nuclear exclusion of these proteins.
Because protein phosphorylation is a widely used mechanism by which the activity of transcription factors are either positively or negatively regulated (26, 27), we next assessed the phosphorylation state of FKHR1-HA in asynchronous CV1 P into FKHR1-HA provided evidence that FKHR1-HA is phosphorylated in vivo (data not shown). Two-dimensional mapping of tryptic fragments revealed phosphorylation at several positions (Fig. 3A) , and phosphoamino acid analysis showed that FKHR1-HA is phosphorylated on both serine and threonine (Fig. 3A, Inset) . Although the overall level of phosphorylation of FKHR1-HA was largely unaffected by treatment with 10 nM wortmannin (data not shown), phosphorylation of one major and two minor peptides appeared to by slightly reduced (Fig. 3B, arrows) . Cotransfection of P85⌬N-SH 2 with FKHR1-HA resulted in a decrease in the phosphorylation of FKHR1-HA (Fig. 3A, lane  3) , and two-dimensional tryptic phosphopeptide mapping revealed a disproportionate reduction in the same peptides affected by wortmannin treatment (Fig. 3C, arrows) . Finally, cotransfection of the constitutively active myrAkt-HA with FKHR1-HA resulted in a relative increase in phosphorylation of the major phosphopeptide affected by either P85⌬N-SH2 expression or wortmannin treatment (Fig. 3D) . Taken together, these results strongly suggest that the phosphorylation of FKHR1-HA by the PI3 kinase-activated signal transduction pathway regulates its subcellular localization.
Several recent studies have demonstrated that PKB͞Akt plays a central role in the PI3 kinase signal transduction pathway (28) (29) (30) (31) (32) (33) (34) . Because PI3 kinase signaling regulates FKHR1-HA localization (this work), it was of interest to note that FKHR1 contains the two sequences RPRSCT 24 W and RRRAAS 253 M, which bear a close resemblance to the consensus sequence that is phosphorylated by PKB͞Akt (13) (R X R Y Z S͞T Hyd, where X is any residue, Y and Z are any small side residues except Gly, and Hyd is a bulky hydrophobic side-chain residue) (Fig. 4A) . Both of these potential PKB͞Akt phosphorylation sites are conserved among the members of the FKHR subclass (8, (17) (18) (19) 35) .
To explore whether PKB͞Akt can directly phosphorylate FKHR1, a constitutively active form of Akt (myrAkt-HA) was immunoprecipitated from myrAkt-HA-transfected CV1 cells. In vitro kinase reactions then were performed by using purified recombinant GST-FKHR1 fusion protein as a substrate. PKB͞ Akt immune complexes also were incubated with the known substrate, H2B (positive control), or with GST (negative control). PKB͞Akt immune complexes phosphorylated both H2B and GST-FKHR1, whereas no GST phosphorylation was observed (Fig. 4B) . In control reactions, GST-FKHR1 incubated with either of two inactive forms of Akt, Akt(K179M) or Akt (T308A͞S473A), was not phosphorylated (Fig. 4B) . Phosphoamino acid analysis of the PKB͞Akt phosphorylated GST-FKHR1 revealed the presence of both phosphoserine and phosphothreonine in GST-FKHR1 (data not shown). Subsequent two-dimensional mapping of tryptic fragments demonstrated that the majority of the in vitro PKB͞Akt-mediated phosphorylation was contained in two major phosphopeptides (Fig. 4C) , each of which comigrated with phosphopeptides derived from tryptic digests of FKHR1-HA immunoprecipitated from CV1 cells that were metabolically labeled with 32 PO 4 (Fig. 4D) . Site-directed mutagenesis was used to critically address the role of PKB͞Akt-mediated phosphorylation of FKHR1 in vivo. (Fig.  4E) . Similarly, tryptic mapping of FKHR1(T24A͞S253A) revealed the absence of three phosphopeptides initially observed in maps of FKHR1-HA (Fig. 4F) . Tryptic mapping of FKHR1(T24A)-HA revealed that a single phosphopeptide initially observed in the map of FKHR1-HA was now absent (data not shown). Immunolocalization of FKHR1(T24A)-HA and FKHR1(S253A)-HA revealed that mutation of either residue to alanine resulted in a retention of FKHR1-HA in the nucleus in Ͼ90% of expressing cells (Fig. 4 G and H) . Mutation of threonine-24 together with serine-253 FKHR1(T24A͞ S253A)-HA further enhanced this nuclear localization (Fig.   FIG. 2 . Immunolocalization of FKHR1-GFP fusion proteins. CV1 cells were transiently transfected with a series of FKHR1-GFP fusion proteins with carboxyl-terminal deletions of FKHR1 and examined by fluorescence microscopy. The regions identified as being required for either nuclear localization (amino acids 147-251) or nuclear exclusion (amino acids 347-380) are indicated. The sequence of the putative leucine-rich NES (M 368 ENLLNLNL 377 ) is indicated. 4I). Nuclear localization of these mutants could not be overcome by the coexpression of P110CAAX (data not shown). Finally, the transcriptional activity of all three mutant forms was 2-to 3-fold greater that that observed for wild-type FKHR1-HA (Fig. 4J) . PI3 kinases play critical roles in the regulation of cellular proliferation, differentiation, and survival (36) . Cellular responses to the activation of PI3 kinases are largely mediated by the serine͞threonine protein kinases, PKB␣, PKB␤, and PKB␥ (PKB␣ is also known as c-Akt) (37) (38) (39) (40) (41) . The importance of the PKB͞Akt family of kinases in the regulation of cellular function is underscored by the finding that members of the PKB family have been found to inhibit BAD-mediated apoptosis (42) , as well as being overexpressed in breast (PKB␣), ovarian (PKB␤), and pancreatic (PKB␤) cancers (43, 44) .
Mutants of FKHR1-H

CONCLUSIONS
Our results demonstrate that PKB͞Akt directly phosphorylates FKHR1, a member of the closely related FKHR subclass of the forkhead family of transcription factors, on at least two residues (threonine-24 and serine-253). Additionally, we show by mutational analysis that phosphorylation of both residues is required to trigger the nuclear export of FKHR1. It is of note that the kinetics of FKHR1 export from the nucleus (this report) mirrors that recently described for serum-stimulated nuclear import of PKB͞Akt. We propose that by promoting export from the nucleus, PKB͞Akt-mediated phosphorylation effectively inactivates FKHR1 by limiting access to its target genes. The suppression of FKHR1-regulated transcription of a reporter gene by coexpression of a constitutively activated form of Akt (myrAkt-HA) supports this hypothesis. The recent demonstration in C. elegans that AGE-1 (PI3 kinase), as well as Akt-1 and Akt-2, suppress the activity of DAF-16 provides genetic support for this hypothesis. These results suggest that FKHR1, in vertebrates, and DAF-16, in nematodes, plays a critical role in the down-regulation of cellular responses (e.g., proliferation or differentiation) normally elicited by activation of PI3 kinase and PKB͞Akt.
The negative regulation of nuclear transcription factors by protein phosphorylation generally is manifested as an inhibition of DNA binding (26, 27) . The export of the nuclear transcription factors FKHR1 (this work), NF-AT (45) , and Pho4 (8) from the nucleus suggests that these factors may continue to exert an effect on nuclear function in the absence of DNA binding and that sequestration in the cytoplasm is required to inactivate them fully. For instance, the continued interaction of FKHR1 with elements, either gene-specific or general, of the transcriptional machinery in the absence of DNA binding might abrogate cellular responses to one or more extracellular signals. Thus, the growth factor-dependent phosphorylation and nuclear export of FKHR1 may serve as a general paradigm for the regulation of other transcription factors by extracellular signals.
Note Added in Proof. Brunet et al. (46) and Kops et al. (47) recently have reported similar results in analyses of human FKHRL1 and AFX, respectively.
